Chronically-catheterized lambs (n = 21), 2-38 days of age, were studied to test the hypothesis that the products of angiotensin converting enzyme (ACE) activity are involved in control of baseline arterial pressure and organ tissue blood flow and the redistribution of organ tissue blood flow in response to normocapnic hypoxemia in the maturing lamb. ACE activity was inhibited by administration of captopril 12.5 pg/(kg*min)], which significantly ( P < 0.01) decreased arterial concentrations (mean + S.D.) of angiotensin-I1 (from 105.0 + 33.9 to 67.0 + 25.9 pg/ml) and aldosterone (from 115.0 + 105.0 to 53.8 + 28.6 pg/ml) and inhibited by greater than 90% the vasopressor response to an intravenous bolus of angiotensin-I (1 pg/kg). Baseline mean arterial pressure was significantly ( P < 0.01) decreased from 78 + 8 to 66 + 10 mmHg) and remained depressed during hypoxemia (67 + 12 mmHg) and recovery (62 + 9 mmHg) periods. Baseline heart rate was unchanged by ACE inhibition (from 181 + 33 to 188 + 35 beats/min) but increased ( P < 0.01) significantly in response to hypoxemia (to 233 + 52 beats/min). Baseline heart, adrenal, jejunum, ileum, and skeletal muscle tissue blood flow, measured by radiolabeled microspheres, were not significantly (P > 0.05) changed by ACE inhibitor. Baseline liver tissue blood flow increased slightly [from 0.10 + 0.10 to 0.16 + 0.12 ml/(min*g)] but significantly ( P < 0.05) during ACE inhibitor treatment, and spleen tissue blood flow decreased significantly [from 2.54 + 1.03 to 1.31 + 0.61 ml/(min*g)]. Normocapnic hypoxemia (Poz 42 + 6 torr; oxyhemoglobin saturation 50.7 + 18.0%) for 30 min during ACE inhibition was associated with increased ( P < 0.01) heart [from 2.72 + 1.52 to 8.87 + 5.78 ml/(min*g)] and adrenal [from 2.75 + 1.88 to 6.43 + 2.82 ml/(min*g)l tissue blood flow, decreased (P < 0.01) spleen [from 1. 2.00 ml/(min*g)] demonstrated a greater fall in blood flow to these tissues in response to hypoxemia in control lambs. Thus, the products of ACE may be important in maintenance of baseline arterial pressure in the maturing animal. Furthermore, these products may be important in splanchnic vasoconstrictive responses to stress such as hypoxemia in the maturing animal. Abbreviations AI, angiotensin I AII, angiotensin I1 ACE, angiotensin converting enzyme Aldo, aldosterone HR, heart rate MAP, mean arterial pressure RAA, renin-angiotensin-aldosterone Activity of the renin-angiotensin-aldosterone (RAA) system is increased in newborns in comparison to adults (12, 15, 18-20, 24, 25), and decreases rapidly with increasing postnatal age (6, 10, 23, 25, 27, 29) . Responsiveness of this system may also vary with postnatal age (29). The contribution of this system to the control of organ tissue blood flow in newborn animals is unknown. Furthermore, its importance in pathophysiologic conditions, such as hypoxemia, during maturation is not clear. Activity of RAA system is increased in response to hypoxemia (1, 14, 22, 30, 32) and is accompanied by a redistribution of organ tissue arterial blood flow (2,3,3 1). The present study was undertaken to examine the contribution of the RAA system to control of baseline arterial pressure and organ tissue blood flow and the redistribution of organ tissue blood flow in response to normocapnic hypoxemia in the maturing animal. The role of the RAA system in organ tissue blood flow under these conditions was examined by interruption of the RAA system with the angiotensin converting enzyme inhibitor, captopril, in chronically-catheterized lambs. Organ tissue arterial blood flow responses to hypoxemia during angiotensin-converting enzyme inhibition were compared to uninhibited responses to normocapnic hypoxemia in control lambs.
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MATERIALS AND METHODS
Mixed breed Dorset-Suffolk lambs were housed with the maternal ewe in the University Animal Care Unit. Lambs were selected for experimental procedures according to their postnatal age.
Surgical procedures. Surgical procedures in these lambs have been previously described (31) . Briefly, chronic catheters were placed in each femoral vessel so that their tips were located in the distal aorta, left ventricular chamber, and distal vena cava, respectively. The lambs were administered glucose-saline solution intravenously during the postoperative period until they were able to stand and feed by mouth, which was usually within 4 h of the operative procedures. Thereafter, the lamb nursed from the ewe ad libitum. The lambs were allowed 72 h for recovery from the operative procedures before participation in the experimental protocol.
Experimental protocol. Lambs were studied over a range of postnatal age (Captopril-treated group: 4-38 days, mean age 15 k 10 days, n = 13; Control group: 2-22 days, mean age 10 k 9 days, n = 8). Studies of these lambs were performed while the lambs were supported in a standing posture by a specially designed canvas harness. Arterial blood pressure (MAP) was recorded continuously on a Beckman R611 Dynograph using a pressure transducer (Statham) connected to the femoral artery catheter.
Heart rate (HR) was also continuously recorded with a cardiotachometer triggered from the arterial pressure pulse wave. In each lamb a 5% dextrose 0.2 N saline solution was administered as a constant intravenous infusion at a rate of 0.4 ml/min by a Harvard infusion/withdrawal pump. After a 1 h equilibration, baseline arterial pressure response to an intravenous bolus of saline, angiotensin-I (AI, 1 &kg) and angiotensin-I1 (AII, 0.5 &kg) was determined. Arterial blood was also sampled for pre-inhibitor hematocrit, hemoglobin concentration, oxyhemoglobin saturation, pH, Pco~, A11 and aldosterone (Aldo) determinations. Withdrawn blood was volumetrically replaced with plasma protein fraction (Plasmanate, Cutter Laboratories). Subsequently, approximately 1.5 x lO%icrospheres (3M Company), 15 + 3 ym in diameter and labeled with a single radioactive isotope (14'Ce, 85Sr, 4 6 S~, or 95Nb), were suspended in 3 ml of 0.9% saline. The microspheres were then agitated thoroughly and injected into the left ventricular catheter over 20-30 sec, then flushed immediately with 5 ml of 0.9% saline solution. An independent lower body reference sample was obtained by withdrawal of blood (Harvard infusion/withdrawal pump) through the left femoral arterial catheter at a rate of 1.94 ml/min for a period of 3 min starting approximately 20 sec before the microspheres injection (13) .
After these baseline determinations captopril (Squibb), which was generously supplied by Dr. Z. P. Horovitz, was solubilized in 0.9% saline solution and immediately given as a constant intravenous infusion at a rate of 2.5 pg/(kg-min) (40 pl/min). Control lambs received vehicle (saline) only. After a 60-min equilibration period, adequacy of converting enzyme inhibition was documented in captopril-treated lambs as greater than 90% suppression of the arterial pressure response to an IV bolus of A1 (1 yg/kg). Intact arterial pressure response to an IV bolus of A11 (0.5 &kg) was also confirmed in each of these lambs. Thereafter, arterial blood was sampled for determinations of hematocrit, hemoglobin concentration, oxyhemoglobin saturation, pH, Pcos, AII, and Aldo. Withdrawn blood was volumetrically replaced with plasmanate. A second injection of microspheres, labeled with a different radioactive isotope, was then performed and a reference flow determined as described previously.
Systemic hypoxemia was then produced during continuous captopril or vehicle infusion by directing a 12% oxygen in nitrogen gas mixture into a clear plastic bag, which was placed over the lamb's head and secured with a drawstring at the neck. Partial rebreathing of expired gases containing Con within the bag encircling the head occurred under these circumstances, so that hyperpnea produced by the hypoxemia would not induce hypocarbia. During this initial equilibration to the oxygen-deficient inhaled gas mixture, arterial blood pH and gases were monitored frequently for regulation of gas flow into the bag encircling the lamb's head. From these measurements and adjustments the desired degree of hypoxemia could be induced while maintaining pH and Pcoz in the normal range. Approximately 30 rnin after initiation of the oxygen-deficient inhaled gas mixture, appropriate pH, Pcoz and Po2 values were confirmed by arterial blood gas analysis, along with determinations as in the previous periods. Sampled blood was again replaced volumetrically with plasmanate. An injection of radioactive microspheres, labeled with a different isotope, was then performed as described previously.
After the injection of microspheres during hypoxemia, normoxemia was restored by allowing the lamb to breathe room air with continued captopril or vehicle infusion. After 60 min of equilibration to normoxemia during continued captopril infusion, arterial blood was sampled for determinations, as in the previous periods, and was replaced volumetrically with plasmanate. A fourth injection of microspheres was performed, as described previously, followed by documentation of persistent inhibition of vasopressor response to A1 and continued reactivity to IV bolus of AII. The lamb was then sacrificed by intravenous bolus administration of pentobarbital sodium (Somlethal, Med-Tech, Inc.). Selected abdominothoracic organs were immediately harvested, and tissue samples of approximately 1 g were placed in counting vials.
Control lambs were studied in an identical fashion except for lack of determinations of AII and Aldo.
Analytical procedures. Arterial blood pH, Poz and Pco2 were determined by a Radiometer pH/blood gas analyzer. Hemoglobin concentration and oxyhemoglobin saturation were determined by an IL Cooximeter, which had been calibrated previous1 2 for lamb's blood. Radiolabeled microsphere ("Sr, 141Ce, 4%c, Nb) content in blood and tissue was determined by counting in a gamma spectrometer (Beckman 300) with isotope separatyon by standard methods (9) . Hematocrit was determined bv standard micro-methodology: krterial Aldo (21) and A11 (4) meisurements were performed by radioimmunoassay in the Cardiovascular Center Core Laboratory at the University of Iowa.
Calculations. Organ tissue blood flow was calculated as follows: organ tissue counts X femoral artery reference flow rate/total femoral blood counts.
Data analysis. Comparisons were performed by student's paired or unpaired t test with appropriate adjustment of the critical t value according to the number of sequential comparisons performed (28) . A two-sided significant limit P value of 0.05 or less was required for a difference to be declared significant. Experimental data are expressed as mean + S.D.
RESULTS
Administration of the angiotensin converting enzyme (ACE) inhibitor, captopril, to chronically-catheterized lambs was associated with significantly decreased arterial A11 (from 105.0 f 33.9 to 67.0 f 25.9 pg/ml, P < 0.01) concentrations. The arterial Aldo concentrations were quite variable and the fall in Aldo with captopril infusion failed to reach statistical significance by Student's paired t test; however, 11 of 13 lambs responded to captopril with decreased arterial Aldo concentration. This change (from 11.5 + 105.0 to 53.8 + 28.6 pg/ml) was statistically significant ( P Arterial blood values of captopril-treated lambs are presented in Table 1 . Inhibition of ACE activity with captopril was not associated with significant changes in arterial Poz, oxyhemoglobin, Pcoz, pH, hematocrit or hemoglobin. Administration of oxygendeficient inhaled gas mixture to these lambs during continuous infusion of captopril was associated with significant declines in arterial Po2 and oxyhemoglobin saturation without significant changes in arterial Pcoz, pH, hematocrit, and hemoglobin. Recov- ery values during ACE inhibition were not significantly different from baseline except for hematocrit and hemoglobin. Lambs, which did not receive captopril (controls), had similar responses to administration of vehicle and the oxygen-deficient gas mixture ( Table 2) . Comparisons of the baseline values during infusion of the angiotensin converting enzyme.inhibitor in captopril-treated lambs to baseline values during vehicle infusion in control lambs revealed small but significant differences ( P < 0.05) for arterial pH and oxyhemoglobin saturation (Hb02). The change (A) in values in response to hypovemia in captopril-treated lambs versus control lambs were not significantly different, except for Pcoz (APcoz -5 rt 5 versus 2 + 8 torr in captopril-treated versus controls, respectively, P < 0.05).
MAP was significantly decreased by ACE inhibitor infusion (Fig. 1) . MAP rema;~ed depressed throughout hypoxemia and recovery periods. HK, on the other hand, did not change significantly in response to ACE inhibition (Fig. 1) despite the decrease in MAP. HR increased significantly in response to hypoxemia during ACE inhibition and returned to baseline during recovery periods. In control lambs (Fig. 2) MAP and HR were unchanged by infusion of vehicle. Hypoxemia in these lambs was associated with a significant increase in HR but no change in MAP. Recovery values were not significantly different from baseline values in these lambs. Baseline mean arterial pressure was significantly lower during inhibitor infusion in relation to baseline MAP during vehicle infusion in control lambs. On the other hand, the change in MAP and HR in response to hypoxemia were not significantly different in captopril-treated versus control lambs. The Vehicle & Hypoxemia value for heart rate is significantly different from baseline, P < 0.05.
Inhibition of ACE activity with captopril did not significantly change baseline organ tissue arterial blood flow to heart, adrenal, skeletal muscle (Fig. 3A) , jejunum, or ileum (Fig. 3B) . Baseline arterial blood flow to liver tissue increased significantly during captopril infusion, but the increase was very small (Fig. 3B) . Baseline spleen tissue blood flow was significantly decreased by captopril infusion in these lambs (Fig. 3B) . Induction of hypoxemia by administration of low oxygen inhaled gas mixture during continuous captopril infusion was associated with significantly increased arterial blood flow to tissues of heart and adrenal (Fig.  3A) and decreased arterial flow to spleen tissue (Fig. 3B) . Arterial blood flow to tissues of skeletal muscle (Fig. 3A) , liver, ileum, and jejunum (Fig. 3B) were not significantly changed under these conditions. Organ tissue arterial blood flows during recovery were not significantly different from values during inhibitor infusion and normoxemia. Control lambs (Figs. 4A and 4B) were significantly different ( P < 0.05) in control versus captopriltreated lambs. The % change in blood flow to spleen tissue with hypoxemia, however, was not significantly different in control versus captopril-treated lambs (60 + 32 versus 66 + 30%, P > 0.5). DISCUSSION ACE inhibitor administration in situations in which the RAA system is known to be activated, such as sodium depleted states and renovascular hypertension, is associated with decreased arterial pressure (1 1). Newborns have increased activity of the RAA system (12, 15, 18-20, 24-26, 30) and t h e current study demonstrated a significant decline in arterial pressure in response to ACE inhibitor in maturing lambs. ACE inhibitor may produce decreased arterial pressure by inhibiting AII formation and thus withdrawing the vasoconstrictive effects of AII. But the mechanism of the decline in arterial pressure in response to ACE inhibitor in immature lambs of the current study is not known. Studies in adult animals suggest that A11 is involved in the maintenance of arterial pressure during sodium depletion through involvement in homeostatic baroreceptor reflex activity as well as direct vasoconstrictor action (7) . The present study demonstrated a decline in arterial pressure in response to ACE inhibitor in immature lambs, which was not accompanied by an increase in TBF (ml/min.g) TBF (ml/m~n.g) heart rate. These data suggest that the ACE inhibitor may have reset baroreceptor reflex activity in a similar fashion as that seen in adult dogs (7), but this mechanism was not specifically investigated. H R increased in an appropriate fashion in response to hypoxemia during ACE inhibition in the current study, demonstrating that the heart rate responses were still sensitive to such stimulation.
In contrast, ACE inhibitor appears not to influence baseline organ tissue blood flow in immature lambs, except to increase arterial flow to liver tissue and decrease arterial flow to spleen tissue. The explanation for a selective effect of ACE inhibition on liver and spleen blood flow is not evident. The dual blood supply to liver tissue may be important in this selective response.
Hypoxemia is a common complication in the perinatal period. Hypoxemia in fetal (5, 17) and newborn (2, 3) experimental animals is associated with alterations of organ tissue arterial blood flow. Previous work from our laboratory in chronically-catheterized lambs of similar postnatal age as those in the present study demonstrated that hypoxemia induced significant declines in spleen, kidney, ileum, and jejunum tissue blood flow with significant increases in blood flow to heart and adrenal tissues (31) . These responses are similar to those seen in adults (8) . Redistribution of blood flow appears to be accomplished by a local effect of hypoxia to dilate coronary vessels, and by the chemoreceptor reflex, which maintains arterial pressure, produces vasoconstriction in skeletal muscle and splanchnic vascular beds, and produces dilatation in coronary vessels (8) . However, increased activity of the RAA system, as suggested by increased plasma renin activity, Aldo concentration (22, 30), plasma renin concentration (2), renin secretion rate (14, 32) , and serum and lung ACE activity (14) , has been suggested as a possible mediator of vascular responses to hypoxemia. Furthermore, the role of ACE activity and A11 in the chemoreceptor reflex is unknown. The results of the current study suggest that inhibition of ACE activity with captopril alters the hypoxemia-induced redistribution of arterial blood flow by maintaining intestinal perfusion during hypoxemia. This effect may be of clinical importance in that intestinal ischemia has been suggested as an etiology for necrotizing enterocolitis in asphyxiated newborns (2) .
The mechanism of this ACE inhibitor-induced alteration of hypoxemia response is unknown. The selectivity of the effect for intestinal vascular beds suggests that a n overall resetting of the chemoreceptor reflex has not occurred. Rather, A11 may be a predominant vasoconstricting influence on intestinal vascular beds during hypoxemia. Because ACE is also involved in bradykinin catabolism, kinins may play a role in the ACE inhibitor-induced TBF (ml/min.g) l 6 r A. effects, but were not specifically examined in the current study. Also, A11 interacts with adrenergic (33) and vasopressin (16, 24) responses. But responses of circulating levels of epinephrine, norepinephrine, and vasopressin to hypoxemia appear not to be influenced by converting enzyme inhibition with captopril (Weismann, unpublished observations).
In summary, angiotensin converting enzyme inhibition with captopril in chronically-catheterized lambs was associated with (1) reduction of baseline arterial pressure; (2) no change in baseline organ tissue arterial blood flows, except for an increase in arterial flow to liver tissue and a decrease in blood flow to spleen tissue; and (3) alteration of hypoxemia-induced organ tissue blood flow redistribution to preserve intestinal tissue perfusion.
